A model based upon nucleon-nucleon (n-p) bremsstrahlung is presented as a 
I. INTRODUCTION
Results of several experimental programs of measurement of high energy y rays in heavy-ion induced reactions have been reported quite recently. ' The y rays observed nucleon-nucleus brernsstrahlung, ' ' and utilizing nucleon-nucleon bremsstrahlung. ' ' The calculations using nucleon-nucleon bremsstrahlung either are based upon an assumption of emission in the first collision' ' or rely on a model to follow the nucleon-nucleon collisions throughout the relaxation process. ' ' The latter approach to date has been used either with the Boltzmann-Uehling-Uhlenbeck (BUU) model' to follow the collisions both in configuration and in momentum space, or with the Boltzmann master equation (BME) approach' to follow the collisions in energy space.
The former has the advantage of direct access to the gamma-ray angular distribution, while the latter utilizes only a fraction of the computation time and still gives good predictions of the y-ray energy spectra.
In the present work we investigate the possibility that the y rays in question result from (incoherent) neutronproton collisions in the interacting nuclei via a n-p bremsstrahlung (dipole) radiation process. Multiple collision contributions are included in the calculation. The approach taken will be to use the Boltzmann master equation to follow the time dependent intranuclear nucleon-nucleon (N-N) collision process of the heavy-ion reaction. If the BME calculations reproduce this nucleon cascade process satisfactorily, we need only to evaluate the n-p bremsstrahlung differential cross section in order to calculate the spectral yields. Indeed, the BME has been very successful in reproducing the high energy neutron spectra from central heavy-ion collisions similar to some of those to be considered in this work. ' This supports the validity of the nucleon distribution we calculate during the intranuclear cascade of the relaxation process.
Addition of experimental N + N~N+ N+ w excitation functions to this calculation yielded excellent agreement with experimental heavy-ion subthreshold pion production cross sections, peaking interest in the viability of using the same code and parameters to address the question of the high energy y rays.
In Sec. II we briefly review the BME formulation and the changes necessary for the calculation of y-ray spectra. In Sec. III we discuss the very important question of the differential cross section (d oldF&dflz) for the production of y rays when a np pair of energy i and j collide.
We discuss several approaches and make comparisons with available data, indicating finally the formulation which we will use with the BME. We additionally will describe the details of the averaging procedures applied to the radiation formula adopted before its insertion into the BME. In Sec. IV we show results of our calculations versus those published experimental results of which we were aware at the time of this work, and discuss those comparisons.
We then show the relationship of the predicted y-ray spectra to reaction timescales, as this relates to the possibility that these measurements will aid in understanding the early reaction time history. Our conclusions constitute Sec. V. (5), and the y-ray spectra would immediately follow. Before adopting a theoretical expression for calculating yray yields in heavy-ion reactions, we would first wish to compare its predictions with free npy data. It is essential to confirm that the theoretical results upon which our model calculations are based are, in fact, in good agreement with a large body of experimental data. Unfortunately, these tasks are difficult and ambiguous. There is by no means agreement on the "correct" theoretical formulation, and the data set available for comparison is sparse, with large uncertainties. We will first discuss the question of theoretical formulations for the inelastic spectra, followed by a discussion of and comparison with experimental results. From this we will select the theoretical expression to be used, with no further adjustment, to calculate the y-ray emission in heavy-ion reactions.
Here, a= "', is the fine structure constant, /3; and Pf are the proton initial and final velocities and, e~, e2, and q are unit vectors designating the two directions of polarization and the direction of propagation of the y ray. The last two factors are quantal corrections to the semiclassical result. The Pf" is a correction due to final state phase space, ' and the assumed form is Pf -(f3fpf)/(P;);), where y is the relativistic contraction factor. Integrating Eq. (6) Brown and Franklin to produce angle-integrated y-ray spectra. They point out that for high energy y rays approaching the kinematic limit, the neutron and proton in the exit channel are moving at very low relative velocity.
Hence, the overlap of their wave functions in the exit channel is very large, resulting in a much larger bremsstrahlung cross section than the classical result would predict. The work of these authors predicts that the corrections to Eq. (6) due to quantal effects are not constant (as we have assumed), but rather are a function of final nucleon energy. These authors disagree with the necessity of the phase space factor in Eq. (6). We will consider the results of Neuhauser and Koonin, as well as results of Eq. (6) in comparisons with npy data, and with a few sets of heavy-ion y-ray data.
C. Comparison A sample of these comparisons is shown at the top of Fig. 1 . The short-dashed curve corresponds to Eq. (6) with X=O (no estimated correction for meson exchange) for free p-n bremsstrahlung, viz. , the yield from Eq. (6) was averaged over final proton direction and integrated over final y-ray direction. The result is seen to be too low compared to the data. The long-dashed curve is the same formula applied to p-n bremsstrahlung, We also show results using the pny cross sections of Neuhauser and Koonin' in the BME for p+' C and p+ Pb in Fig. 1 Fig. 2 the results from using the quantum bremsstrahlung cross sections of Neuhauser and Koonin' at two energies for the ' C target and at one energy for the Pb target. As in Fig. 1 , this result somewhat overpredicts the experimental spectra, though the discrepancy is not so striking for the heavy-ion collisions as for the p-nucleus data.
In Fig. 3 Fig. 3 with the data is striking, in view of the caveat with respect to the initial exciton distribution function. Fig. 5 , in that we significantly underpredict the data, both for a ' C target and a U target.
In Fig. 7 Fig. 4 , the agreement between experiment and calculation is excellent.
In Fig. 5 In Fig. 6 we show calculations (using the sharp-cutoff initial exciton distribution) compared to the CJrosse et al. The p-nucleus data of Fig. 1 Definitive resolution of the origins of these high energy y rays awaits additional data sets on several fronts: (1) additional heavy-ion y-ray data sets to help establish unambiguously the systematics with beam energy and nucleus size, (2) additional high quality "free" nucleonnucleon bremsstrahlung data, to complement earlier results and to confirm a proper basic pny formula to be used, e.g. , in the BME, and (3) resolution of questions as to the calibrations of the detectors used in the heavy-ion experiments. Additionally, to justify the BME predictions for Apppj & 20, it is desirable to have evaporation residue gated nucleon emission spectra to verify the parametrization of the initial exciton distribution.
